Many studies have shown a decrease in Arctic sea ice extent. It does not logically follow, however, that the extent 5 of the marginal ice zone (MIZ), here defined as the area of the ocean with ice concentrations from 15 to 80%, is also changing.
roughening of the ocean influencing the polarization difference. Values for error between the different data products used in this study are given in Section 5.3.
Model set-up (CICE-CPOM-2019)
We use a dynamic-thermodynamic sea ice model, CICE-CPOM-2019, which is designed to be included in global climate models. CICE-CPOM-2019 is based on the existing CICE model version 5.1.2, but with some additions. We perform a stand-100 alone (fully forced) simulation for the pan-Arctic region (~40 km grid resolution) with a spin-up of 10 years from 1979, and then restarted at 1979 and run through 2016. The CICE model solves 1-D vertical heat balance equations for 5 ice thickness categories. The momentum balance equation which provides the sea ice velocity includes air and ocean drag, the Coriolis force, sea surface tilt, and internal ice stresses. Hunke et al., (2015) gives a detailed description of the CICE model. Since we did not use a coupled ocean model to calculate heat transport in the ocean or ocean currents, the temperature and salinity in 105 the layer below the ocean mixed layer are restored every 20 days to climatological monthly means from MYO-WP4-PUM-GLOBAL-REANALYSIS-PHYS-001-004 (Ferry et al., 2011) . Ocean currents are restored on the same timescale and from the same reanalysis dataset. For the atmospheric forcing, NCEP Reanalysis-2 (NCEP2) is used (Kanamitsu et al., 2002 (Kanamitsu et al., , updated 2017 .
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Some of the default CICE configurations used in this study include: seven vertical ice layers, one snow layer, thermodynamics of Bitz and Lipscomb (1999) , Maykut and Untersteiner (1971) conductivity, the Rothrock (1975) ridging scheme with a Cf value of 12 (an empirical parameter that accounts for dissipation of frictional energy), the delta-Eddington radiation scheme (Briegleb and Light, 2007) , and linear remapping ITD approximation (Lipscomb and Hunke, 2004) . For CICE-CPOM-2019, we switched on a prognostic melt pond model (Flocco et al., 2010 (Flocco et al., , 2012 , used an elastic anisotropic plastic rheology (Heorton 115 et al., 2018; Tsamados et al., 2014; Wilchinsky and Feltham, 2006) , a prognostic oceanic mixed layer (Petty et al., 2014) and a prognostic floe size distribution (Roach et al., 2018) . Demonstrated use of CICE-CPOM-2019 including the above additions, with the exception of the prognostic mixed layer and floe size distribution, is provided as the reference simulation in Schröder et al. (2019) . The prognostic mixed layer allows the ocean below the mixed layer to be relaxed toward observations so that the mixed layer can calculate its salinity, temperature, and depth based on the fluxes from the deeper ocean (Petty et al., 2014) . 120
The prognostic floe size distribution is a new development (Roach et al., 2018) and warrants more detailed description which is provided in the next section.
Prognostic floe size distribution
A sea ice floe size distribution is a probability distribution function (Thorndike et al., 1975) that characterizes the extensive variability (centimeters to hundreds of kilometers) in the range of sea ice floe sizes. Imposing a subgrid-scale floe size 125 distribution (e.g. Bennetts et al., 2017; Zhang et al., 2016) does not account for physical processes acting on individual floes. However, here we have added the recent development by Roach et al., (2018) into CICE-CPOM-2019, which accounts for ice formation, welding of floes, lateral freeze/melt, and fracture by ocean surface waves. Particularly important processes which determine the floe size evolution are lateral melt of floes and floes welding together, as well as wave fracture. When floes are smaller, the lateral melt becomes more important, and this can lead to a significant reduction in sea ice concentration in summer 130 (Roach et al., 2018) . CICE simulates an ice thickness distribution and the sea ice concentration is calculated by integrating over all ice thickness categories. The change in the ice thickness distribution depends on growth/melt at a melting/freezing rate, ice advection, and redistribution of thickness categories caused by sea ice deformation. When the heat available from the surface of the ocean is enough to melt the ice, basal melting will occur by balancing the conductive heat flux from the bottom and downward heat flux from the ice to the ocean. Lateral melt is obtained as a function of floe size. CICE uses a constant 135 floe size of 300 m, but in CICE-CPOM-2019 a joint floe-size thickness distribution (FSTD) is used which has been developed by Roach et al. (2018) following the ice thickness distribution of Horvat and Tziperman, (2015) .
The thermodynamic changes in the FSTD not included in the standard CICE model include a welding parameter for newly formed floes to freeze together and a 'lead region' which is part of the open water fraction where lateral growth of existing 140 floes can occur around non-circular floes. Mechanical breaking of sea ice floes by ocean surface waves is determined by a critical strain and minimum floe size (10 m) which can be impacted by wave fracture. The fractures that would occur if the waves enter an entirely ice-covered region defined in the 1-dimensional direction of propagation are calculated and then the outcome is applied proportionally to each grid cell's ice-covered fraction. Swell from hindcast wave data coming from the equatorward meridional direction are used to select the significant wave height and mean period. This is then used to construct 145 the wave spectrum (Bennetts et al., 2017; Horvat and Tziperman, 2015) which is attenuated exponentially given the number of floes in the grid cell, and is a function of ice thickness and wave period. With the assumption that sea ice flexes with the sea surface height field, the strain of the ice is calculated and the floe will fracture if this crosses a threshold. New floe radii are put into a histogram which depend on the local sea surface height field only. July between the model and AMSR (0.575).
In contrast with the sea ice extent, there is no significant trend in the MIZ extent in any of the observational datasets, with the exception of a small negative trend in Bootstrap in March of -0.52% or -0.520 x 10 10 m 2 per year ( Figure 1, Table 1 ). There is also no significant trend in the modelled MIZ extent except for September (roughly 1.1% or -1.37x10 10 km 2 , r 2 = 0.31, Figure  195 1, Table 1 ). For most of the summer months, the spread of observations of MIZ extent is greater than the 10% error placed on each of the observations themselves (Figures 1b-d ). This indicates that the observational error for the MIZ is larger than our assumed value of 10% based on Spreen et al. (2008) . The modelled MIZ extent generally lies within the spread of the observations. The observations taken together provide lower and upper bounds for MIZ extent of between roughly 5-15 x10 5 km 2 for March, 15-50 x10 5 km 2 for July, 15-45 x10 5 km 2 for August, and 10-30 x10 5 km 2 for September (Figure 1) . 200
The interannual variability of the MIZ (dashed lines in Figure 1 ) varies more than the sea ice extent in the observations as well as in the model results (Table 2 ). In the winter months (e.g. dashed lines in Figure 1a ), the MIZ extent is more consistent across the datasets. In March, there are significant correlations between the MIZ extent observations (>0.889, Table 2 ) as well as for the model results. From July through August, the differences in the absolute MIZ extent become very pronounced 205 (dashed lines in Figures 1b-d) . In July, the AMSR and Bootstrap are the most highly correlated (0.869), with lower or insignificant values between the other datasets. In September, the AMSR is well correlated with the other observations of MIZ extent (0.805 with OSI-450 and 0.852 with Bootstrap, Table 1 ).
Fraction of MIZ relative to total sea ice extent
The trends for the MIZ fraction, i.e. MIZ extent divided by the sea ice extent, for all of the observations are insignificant for 210
March, but slightly positive for July, August, and September with the exception of AMSR, which is insignificant for July and September (Figure 2, Table 1 ). The trends per year for July are +0.3% for OSI-450 and +0.2% for Bootstrap. In August, there is an increase in MIZ fraction per year of 0.5% for OSI-450, 0.3% for Bootstrap, and 0.8% for AMSR. In September, the positive significant trends per year are 0.4% for OSI-450 and 0.3% for Bootstrap. The positive trend in MIZ fraction is given by the stable MIZ extent and decline in sea ice extent (compare dashed and solid lines in Figure 1) . The MIZ fraction for OSI-215 450 is consistently higher compared to the other observational datasets (Figure 2) . The Bootstrap MIZ extent (absolute) is lower than OSI-450, which is the main reason for its lower MIZ fraction. The MIZ fraction for the model is insignificant for March, but slightly positive for July, August and September at +0.9%, +1.0% and 0.3% per year, respectively. In July, CICE-CPOM-2019 model shows a trend in MIZ fraction three times that of the OSI-450 and over four times that of the Bootstrap dataset. In August, the model shows a trend two times that of OSI-450 and over three times that of Bootstrap. In September, 220 the trends of MIZ fraction become roughly the same in the model and observations, and this remains so during the winter months (Table 1) . SSM/I products ranging from 0.7 and 10.5% (with 5.3% error between AVHRR and Bootstrap) (Meier, 2005) . A source of error for SSM/I concentrations is the use of hemispheric tie-points, which are unchanging and may not agree on conditions at a specific time and place (Meier, 2005) . As well, since SSM/I concentrations are calculated based on daily composites of brightness temperatures and then averaged onto a 25-km resolution grid, it will result in errors stemming from spatial and temporal averaging (Meier, 2005) . Our study reveals that the systematic error in deriving the MIZ from these satellite products 290 must be larger than 10% as documented by differences in monthly mean MIZ values of up to 300% (Figure 1 ).
Conclusions
We have analyzed the evolution of the absolute and relative marginal ice zone from 1979 through 2017 based on four satellite retrievals (OSI-450, Bootstrap, AMSR-E, and AMSR-2) and simulations with a stand-alone sea ice model CICE-CPOM-2019 including a floe size distribution model. While all products agree within their uncertainties during winter, big discrepancies 295 occur during summer between the satellite products. We have found no significant trend in the MIZ extent across any of the observational datasets examined here (OSI-450, Bootstrap, and AMSR), with the exception of a small negative trend in March for Bootstrap. Due to the decrease in Arctic sea ice extent, there is a small positive trend for the relative MIZ extent at +0.2-0.3%/y in July, 0.3-0.8%/y in August, and 0.3-0.4%/y in September. During July and August, the positive trend is 2 to 4 times stronger in our model simulation. Due to the spread of the observations in MIZ extent, we should be cautious about what 300 conclusions we make about whether or not there is a true trend in the MIZ extent, and how well we can validate our MIZ models. Given this uncertainty, the fact that climate model projections show the Arctic becoming seasonally ice free by the mid-century (Notz and Stroeve, 2018) does not mean we will have an increased area of the ocean covered by marginal ice as defined by the 15-80% ice cover threshold definition. Only at the point when there is a completely seasonal ice cover in conjunction with no pack ice, would our results suggest that further ice loss will result in decreases in MIZ extent. 
